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CHAPTER I 


INTROVUCTION 





World War II ended with the seientific advances in fire control-- 
“whether of rockets, bombs, or gune-—-leading to the estch phrase “push- 
button war.” Though overpopularized and often misunderstood, this 
phraee indicates a sound military fector; that the elimination of the 
human element in a functional position improves performance. 

¥rom the standpoint of shipboard installations, the greatest 
requirement to date is that each gun must comprise within ite mount 
a complete control system. This requirement is dictated by considera- 
tion of simaltaneous attacks and is extended by the "push-button" 
motive to include the elimination of human operators wherever possible. 

The fire control problem includes target acquisition, tracking, 
determination of lead angle and trajectory corrections, and correction 
to errors in the solution. Acquisition and tracking are initially 
radar problems, the movement of the gun to match the indicated track 
a servomechanisms problem, The determination of lead engle end 
corrections lies in the field of computer design. ‘Servomechanisms 
wast again translate indicated angles into actual gun positions. ‘The 
errors in the solution may be determined by human eye, radar, or radio, 
but a servomechanism will be needed to introduce the correction to gun 
angle. Thus it is seen that servomechanisms are cuieiaisanis substitutes 
for human operators as well as sources of power. 

For shipboard use the track is made much more difficult by reason 


of the inetability of the gun platform. For most guns the maximum 


accelerations and velocities are demanded to meet the roll and piteh of 
the shiv rather than to follow high epeed and maneuverable targets. 
Simple systems capable of detecting and removing ship movement at the 
gun,and algo capable of acting on tracking information as accurately 

ae before were desired, The rate-controlled servo offered the smaller 
amount of equipment for the better job when compared to the position- 
controlled servo. 

Simultaneously with this demand for imprdOvement in the servo 
performance there developed within the engineering field an increased 
understanding of the servomechaniem technique. The industry was ready 
when the need for rate servos was recognized. : 

As this has been a recent development, there is considerable interest 
in the problem of converting position-controlled to rate~-controlled servos. 
This thesis proposes to explore this problem in its particular application 
to gun power drives having amplidynes as their prime movers. Hevresen~ 
tative figures for amplidyne and gun characteristics will be used as 
necessary or desirable to illustrate material, to allow selection of a 


course of action, and to represent quantitatively mathematical concepts. 


CHAPTER II 
BASIC THEORY OF 


FOSITION—CONTROLLZED AND RATE~CONTROLLED POWER DRIVES 


Eesentially all power drives are motors. Hence for a constant 
signal, velocity results. This signal may be supplied by any device. 


p 


For this problem, the devices concerned will be position and velocity 
error-measuring means which are described in some detail in Chapter Ill. 
Discussion is restricted to eimple proportional servos (type I) unlees 
specifically stated otherwise.* 

If the signal is produced by an error in position, then when the 
driven member moves to the voint coincident with the control member, the 
error becomes zero and the driven member stops. Hence a position servo 
using a motor is essentially a zero positional error device, and for a 
fixed control input reaches this zero. If the position of the control 
member is changing at a constant rate, then the error increases until 
it has reached a great enough value to cause the driven member to move 
with sufficient speed to match the speed of the control element. These 
etatements disregard transient effects. Thus the error in a position 
servo, when the input is a velocity, is a measure of the gain of the 
system. With a high gain, this error may be kept emall. If the system 
is a slow one, that is, has an appreciable time lag between change in 
input velocity and change in output response, theq@ror may, during this 
transient phase, reach much larger values; but once steady state exists, 
the error returns to the value determined by the system's gain. 


A rate servo compares velocities to determine error, Hence the 
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*Type I Servos as defined in the paper, “Transient Behavior and Design 
of Servowechanisms,” 1993, M.1.T., Prof. Gordon &, Brown, Sec. 5, P. 10. 


output velocity must always de just sufficiently less than the input 
velocity so that the exieting error will produce this output velocity. 

& position servo operating at constant velocity introduces a 
constant vositional error to maintain the approximate match. A rate 
servo operating at constant velocity introduces a constant velocity 
error to maintain the approximte match, Thus, over a period of time, 
the position servo's positional error does not change; but the rate 
servo's positional error increases constantly as the integral of its 
velocity error, Strictly speaking, a rate servo, dealing only with 
velocities, has no position in ite loop. To speak of position error 
for a rate vervo it is necessary to think of it as being in some 
application, such as in the stabilization loop of a gun (see Chapter III). 
Then position error may be reckoned as the difference between the 
initial position of the gun barrel with respect to the establlizing gyro's 
output axis and the final position of the gun barrel with reepect to 
this same reference. 

As with positional error in a position servo, the velocity error 
in a rate servo for eny perticular output velocity is a measure of the 
gain of the system, and with high gain this error may be kept small. 
liowever, any time lag in a rate servo in reacting to a velocity change 
introducee an increaeed positional error by virtue of the integration 
of the velocity error over this period of transient response. Hence a 
rate servo must have both small time lage and high gain to insure ¢mali 
positional and velocity errors. 

It is evident that a rate-controlled servo cannot be used for 


stabilization without eome external element since there is no means of 


detecting and correcting positional error, All fire control uses of 
pover drives include either a manual or automatic tracking device which 
provides this control, A position servo can function alone to provide 
stabilization. This constitutes no drawback to the rate servo in its 
fire control application, however, since the problem of tracking is one 
of staying on target. ‘So long as the effect of shiv roll is almost 
entirely removed, tracking errors develop from variation in target motion, 
variation in ship motion in the plane of the earth's surface, and human 
or auto~-tracking deficiencies, 

What advantages exist at present for the rate eervo’ The answer 
will be given in two parts; first as applied to the rate servo alone, 
and second, as applied to the rate servo as the power drive ina ship- 
board gun installation locally controlled. 

Yrom a mathematical point of view, a rate servo is inherently more 
stable than the position servo from which it is adapted. This may be 
demonstrated by miltiplying any position servo's frequency response 
by ju A comparison of the two plots will show that the rate servo 
has a smaller veak in its frequency resnonse and a higher resonant 
frequency. 

From a practical standpoint, vosition servos depend for positional 
information primarily on synchros (see Chapter III). All present Navy 
synchros ere 60 cycle AC devices. Hate servos are not so restricted. 
The choice of frequency has been OO cycles, and all the attendant 
advantages of this type of power supply are available in the electronic 
sections of the servo loop. 


Coneidering the rate gervo in its application ae the power drive 
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of a Jocally controlled gun mount, this system requires fewer and smaller 
components, Stabilization information is provided by two small rate 
gyros in contrast to the heavy stable vertical and attendant control 
elements associated with a position system. Ifa disturbed line of sight 
computing gunsight” is employed (the preeent trend) no separate rate 
eyros are needed since those in this sight mey serve the duel function 
of computing and vroviding the etabilizing information. Tracking 
information is provided by a simple potentiometer handlebar arrangement 
in the rate system. The position system requires two channels of synchro 
information (low and high speed) for accuracy. Because of the smallness 
of the handlebar and sight arrangement for the rate system, the unit 

may be mounted on the gun. The position system has usually had an ex- 
ternal direetor for each gun. making the alignment problem more difficult, 
introducing parallax errors, and occupying moro space. 

Ags disadvantages, it has been pointed out that the rate servo, 
considered in a stabilization loop, requires an external positioning 
means which the position servo has acs its basic feature. Also, the rate 
servo has a greater tendency to inetability at high frequencies, This 
is borne out by the same mathematical approach thet proved the rate servo 
to be basically more stable. Multiplying a position servo's tranefer 
locus by "j" gives a locus exhibiting more stability at all frequencies. 
The corresponding rate servo's transfer function is given poor 
characteristice at high frequencies by the "w" part of the miltiplier 
jm. This fector becomes larger and larger carrying the locus more 


closely by the -1 * 30 point, the basis for etability determination. 
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*"S-) Computing Gunsight (Restricted), 1946, U. S. Army - Dr. C. S. Draper 


Une other factor which must be considered in servo synthesis is 
torque demands. The torque loading on a gun mount is not constant. The 
friction load varies with temperature and paintenance conditions. The 
transient load, apart from inertia and elastance considerations, varies 
with conditions such as the unbalance of the gun about ite center of 
rotation coupled with ship movement or the firing of a wing gun ina 
maltiple gun mount. 

In a position servo, torque increases will slow the motor momentarily, 
but the gain will allow proper speed to be restored at the cost of a small 
increase in positional error. The transients involved will have no 
effect on error once steady state is reached under the new loading, since 
in a position servo no permanent positional error can result from 
transient action. 

In a rate servo, torque increases will likewise slow the motor, 

At high speeds the rate servo will respond quickly to the new load at 
the expense of output velocity, thus increasing the velocity error 
slightly. The transients involved will produce a positional error as 
the integral of the velocity errors during the transient period. These 
conditions might be acceptable as they stand. However, the action of 
the rate servo at low speeds is the controlling factor. if the input 
speed is very slow it is not only possible but quite probable thet a 
heavy torque load applied at the output will stall the motor. (This 
does not apply to motors having flat or rising torque—-speed characteris- 
ties.) ‘This condition ean exiet, speaking of amplidynes, whenever the 
increase in velocity error as the result of stopping the output produces 


& control field current lese than that needed to excite the breakaway 
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current for the touryue load involved. Ilo increase in positional error 
will rewedy the situation until the external tracking element comes into 
play. It is desireable to reduce the reliance on thie element to a 
Siniman in the fire eonutrol application. “ence the power motor ina 
rete servo should be typified oy a rising torque-speed characteristic. 
“he condition will hereafter be referred to as torque-compensated, 
Torque pmpannstnes introduces one further consideration. Such 

co#pounding is achisved by some type of positive feedback, either 
internal or external. Positive feedback is inherently unstable, There- 


ant 





fore. the method of compensation employed must not lead to reso 
peaks in the power supply at low frequencies which lie within the normal 
_— range of the servo. 

Having determined the requirements of a rate servo and specified 
how its power drive must perform in the simplest servo loop, it is 
necessary to examine the feedback elements and corrective networks in 
a typical modern positien servo used as a gun drive to investigate 
their applicability to use in a corresponding rate servo. The function 
of these elements and networke in the position servo will first be 
specified to aid in determination of their probeble effect and usefulness 
in the rate servo. 

The feedback elements in the position servo, other than the 
fundamental output feedback, are derivative devices capable of detecting 
@ oarticular derivative of position, sometimes going as high as the third. 
Their chief purpose is to anticipate changes, that is, to have the gun 
alreedy scting in the proper way to meet the positional change taking 


place by the time the positional error signal can convey thie information 
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directly to the power drive. Ewen if the time lag in a derivative 
element is as great as that in the positional detecting component, the 
derivative element output sugments the positional error signal to cause 
swifter response of the gun to the error change. 

The corrective networks are essentially derivative or integral 
circuits. These circuits are selected empirically or mathematically 
through graphical analysis of uncorrected frequency response data. Their 
function is to improve the stability and performance of the system by 
allowing the loop to enclose a greater gain, by reducing the magnitude 
of the resonant peak, and by shifting this peak to a higher frequency. 
It is possible that the uncorrected response may be unetable in which case 
the primary purpose is to secure stability. A derivative circuit is 
generally termed a lead network since it introduces a positive phase 
shift in the response. An integral circuit may be called a lag network 
since its effect is to cause a negative phase shift in the response. 

It is logical to assume that the rate servo will respond faster 
if the derivative elements are retained, rejecting possibly the element 
Getecting velocity since this is the basic quantity in the rate system. 
Unless a ready means of detecting the next derivative after the highest 
one used in the positional loop is available, it seens best to close 
the rate loop with one less such element. This statement is based on 
considerations of simplicity and ease of conversion, especially avoiding 
the use of extra equipment. 

The corrective networks, except by coincidence, mist be different 
for the rate system, The rate system contains other and altered 


componente and the basic guantity is velocity rather than position, In 
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fact, these corrective networks constitute the problem in the conversion. 
The experimental work done for this theeis has as ite object the 
collection of sufficient data to allow a graphical synthesie of these 
networks. 

To summarize, a rate-controlled servo for fire control use should be 
characterized by fast performance and high gain. There should be Littie 


phase shift between ite input and output over the required freque 





acy 
range. The power supply should be torque-compensated and, considered 
by itself as an open cycle system, must have no resonant reak near the 
operating frequency level. An external tracking device is fundamental 
‘in the system and serves to eliwinate positional errors. This external 
tracking element should, so far as possible, play no integral part in 
the functioning of the rate servo as a stabilizing device, but rather 
should serve ag a means of introducing target motion. 
Hence it is evident that to convert a position~-controlied servo 
to a rate-controlled servo the power drive is first to be torque- 
compensated; rwecond, the open cycle frequency response of the power 
drive is to be obtained; third, the effect of the feedback elements 
must be added and the stabilizing networks selected through graphical 
or mathematical manipulation of this response; and finally, the pogition- 
controlled servo's componente and networks are to be comered with those 
in the rate-controlled servo to facilitate change from one to the other. 
The succeeding chanters follow this general program, txperimental 
work necessary to each step is preeented in anpendices, RKesults 
obtained from the test amplidyne are presented as typical of this form 


of power drive, and are used ae the basis for general conciusions in 


other chapters. The decibel-log frequency technique is employed to 
synthesize the simplest corrective networke providing both stability 
and performance. The effect of feedback elements haz been omitted 
because of press of time. The final chapter evaluates the convereion 
problem in the light of exnverimental data and confirms or explains error 


in the basic theory presented. 


CHAPT sm IIT 


TYPE SERVO LOOPS AND THRIR COMPONIaNTS 


A, The Position Servo System 
For any typical gun inestallation, the position servo system in 


simplified form may be represented as follows: 


AMPLIFIER 





FIGURE 3:-l 


For purposes of better analysis of components s0 that a more 
definite tie-in with a rete system may be established, thie system 
will be expanded to include a particular type of error-mensuring 
mechanism and a particular power drive. These changes lead to the 


following servo loop: 


AMPLIOYNE 
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FIGURE 3-2 
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For purposes of stability, various feedback techniques other than 
the basic feedback of output may be required. This phase of the 
problem has been discussed generally in Chapter II. 

B. The Rate-Controlled Servo System 

The rate-controlled servo system is identical with the position 
system in its simplest form except that the input is an angular 
velocity (w,) and the output is en anguler velocity (w). Hence, it 
is anparent that the error-measuring device must differ from its 
position control counterpart, In addition, since the present technique 
of rate measurement employs devices mounted directly on the guns, the 
gun itself becomes a part of the servo loop. The single degree of 
freedom gyro has distinguished itself as a ready means of rate measure- 
ment. Since the torque outout of a rate gyro is a function of input 
angular velocity, a torque rick-off attached to the rate gyro commends 
iteelf ae a source of error voltage. A typical loop embodying these 


components is illustrated: 





Gs 
(Srace Rate) 


FIGURE 3-3 
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CG, Components 


1. Synchro Control Transformer 
The synchro control transformer bas become euch a well- 

known device in fire control systemas to justify no extensive analysis 
of its functions. Basically it is an electro-mechaniceal differential 
having an electrical field inmut corresponding to desired gun position 
and @ mechanical rotor inout corresponding to actual gun position, The 
rotor windings provide an electrical output of error voltage which is 

e linear function of error in degrees over . small working range. The 
sensitivity of such devices using 60 cycle excitation may be approxi- 
mated as Tf volts ver degree of misalignment. The phace echift introduced 
by control transformers is negligible over the frequency spectrum in 


which use of such a device is contemplated, Hence the transfer function 


of a control transformer is K,G, = T (volts ). 
(degree) 


2, Amplifier 

The amplifier used with a voltage input signal to drive an 
amplidyne is comparatively simple. It may consist of several stages 
of signal amplification and an output power stege using beam-follower 
tubes such as 6116's, or it may conceivably omit the initial amplifica- 
tion 1f the error permissible in the system is large or amplification 
external to the amplifier is great. The amplifier met aleo include a 
phese-sensitive detector if the error signal is A.C. The control 
transformer and the torque pickeoff require such detectors. In general, 
the amplifier is so fast that its time lags may be neglected, Thue 


ite transfer function is K,G, = P (ammeres). 
volt ) 


3, Amplidyne and Power Motor 
y- 5 


The amplidyne is essentially a power-driven magnetic 
amplifier supplying power to the output motor but susceptible to 
control by the input signal from the electronic amplifier preceding 
it. The amplidyne itself involves internal feedback, since it has a 
compounding field in order to improve its torque-speed characteristic. 
The series field which compounds with the extermally excited control 
field ia energized by the current in the direct axis of the ammlidyne, 
which is the current flowing through the power motor. If it were 
possible to vary the number of Semma ia this compensating (eeries) 
field, a torque-speed relationship suitable to the particular applica- 


tion could be achieved, Typical curves are shown in Fig. 3-4. 
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By adjueting such a variable compensating winding it would be 
poesible to cauge the speed of the motor to remain constant or increase 
with an increase in load. The desirability of such adjustment is that 
the system will be “hard” or have an “active zero"; that is, it will 
have a restoring force immediately if some extra torque is impoged on 
the mount drive whether stopped or moving. 

lt is aleo neceesary to insure that the amplidyne and power motor 
provide necessary torques at the syeeds required of the gun. This met 
be checked agninst the accelerations expected and the inertia of the 
gun as reflected through the gearing to the motor shaft (T= Ix). 

Such data may be ascertained from mount characteristics and specifica- 
tions to be met by the power drive, If the torque output is not 
satisfactory for this consideration, then the amplidyne set in use is 
too small and a change in the basic elements of the amplidyne is 
required, 

With the fields properly matched and torque output satisfactory 
over the required speed range, a test of the ammlidyne and drive motor 
- a single unit et various frequencies may be made. Such tests for 
amplidynes adjusted as deecribed give transfer functions quite 
Similar to those for two energy storage elements in series, thus: 


KG, = H(rad/see per ampere) 1 
l+2¢ Lor a 38 


This is an empirical expression, cince attempts to derive 
transfer funetions analytically lead to 5th and 6th order equations 
involving conetants not readily ascertained and requiring approxima- 


tions concerning linearity. This empirical expression also disregards 


9 


torque effects. 

4, Rate Gyro 

The rate gyro is ea single degree of freedom gyro s0 

mounted as to have its input axis parallel to the axis about which 
rates sre to be meesured. ‘Since the rates with which fire control 
syeteme are concerned are those about tho elevation axis (see Fig, 3-5) 
(line passed through the gun trunnions) and those about the traverse 
axis (line perpendicular to both the elevation axis and the center line 
of the gum bore), two rate gyros sre required. It is to be noted that 
rotation about the gun line (center line of the gun bore) is disregarded 
since it has no effect on gun trajectory end hence on accuracy, With 
the rate gyros spinning at constent velocity (maintained so within .1% 
by the use of a frequency-regulated power supply) the angular momentum 
of the gyros along the axis of spin is constant, and will be 
represented as H= ! é” . where: 


i, - moment of inertia of gyro wheel 


® -aengular velocity of spin 


From gyro theory it may be stated that the instantaneous precessional 
torque about the output axis (see Fig. 3-5) is equal to the product of 
zyro angular momentum and the angular velocity of the gyro about the 
input axis, or T = Hw, This involves a slight epproximation; bt, 
so long as the gyro is constrained to move only slightly from its 
neutral position, this approximation is so nearly correct as to be no 
measurable source of error. ‘The transfer function of the gyro will be 
lumped with that of the torque pick-off, though if one ie desired for 
the gyro alone, it may be represented as: 
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Agu, = (in lb. of torque ) 
(angular velocity in rad/sec) 
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5. Torque Pick-Off 
The torque pick-off is a device which reacts to the in- 


stantaneous torque of the rate gyro and by mechanical movement 

generates an electrical signal proportional to the torque and indicative 
of the torque's direction of action. If a simple spring were used to 
counteract the torque, then the deflection of the spring in inches or 
degrees would be direetly proportional to the torque, with the spring 
constant, X, being the proportionality factor. By virtue of an 
electrical tie-in such as verying the resistance in ean electrical path 


or reluctance in a magnetic path, it is possible to produce a voltage 
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output proportional to spring deflection. Hence the voltage out may be 
made proportional to torque in as expressed by the formla 


T = KK #¥ where: 
spt 


T = torque output of rate gyro (in 1d.) 
K = spring constent (in 1b. per degree or inch) 
K = pick-off constant (inches or degrees per volt) 
E. = voltage output of torque pick-off (volts) 
as indicated previously, the rate gyro and torque pick-off 
performance may best be lumped in one transfer function: 


K G = Hor simly Q (volts ) 


&P gp KK. (ang. vel. in rad/sec. ) 


It is to be noted that teste of a rate gyro-torque pick-off 





combination indicate phase shift to be negligible up to ° eps. * 
6. The Mount 
The mount reprerents a considerable problem in analysis 
requiring various techniques of mechanical equivalence and attempts 
to lump distributed inertias and elastances. 

Before considering the actual mechanics of analyzing the system 
constants in a mount, it is well to cemekhag the gun's function as a 
resonant element in the loop. The output of the rate loop no longer 
is at the motor drive shaft. The output is found at the gun itself 
where the rate gyro mounted on the gun detects thie resultant velocity. 
Primarily the gun represents an inertia and an elastance, The friction 
present is so slight as to leave the system greatly underdamped. The 
assumption is made that this friction may be neglected in analysis 
with no sizable error. 

3-8 
“ "A Study of An Electro-Magnetic Instrument For Measuring 4ngular 


Rates in Space" by L. &. Troutman 


On this basis, the transfer function of the mount may be represen- 





ted ag: 
as K 
K a - ‘ © 2 
ig = Let 2s Pe 


K. = equivalent gun elastance, in 1b/rad 


J - equivalent gun inertia, in 1b secé 


r 
th = undermed natural period sec 
wy, = — = undamped natural angular velocity (rad/ sec) 


n 

the inverse La Place transform of this transfer function is a 
sine wave of amplitude w, and period a OF.s, |= wm, Sin w,,%) 
Thus the mount'e action is to attempt to impress its natural frequency 
on all forcing functions.” The effect of this action becomes 
increasingly and disproportionately noticeable as the natural frequency 
of the mount is approached, Conversely, if the mount is designed so 
that its resonant frequency lies well beyond the operating range of the 
servo loop (at least four times the highest loop frequency expected), 
then its effect may be disregarded, Yor cases where the resonant 
frequency of the mount lies outside the normal range of frequencies 
of the eervo, but not so far out as to permit disregarding the gun 
altogether, its effect may be approximated by reference to a standard 
series of dimensionless curves of gain (output) versus frequency ratio 


input 


(forcing frequency ) and phase shift vereus frequency ratio which may 
resonant frequency 


be found in eny engineers' handbook or text on vibration.** The curves 


form a family with the damping ratio(#¢tuel damping ) as the dimension- 
critical damping 
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“Mechanical Vibrations, Second Hdition, 1940, MeGraw-Hill Book Co., Ine. 

New York ~ J. P. Den Hartog, Chapter 2, Sections 14 and 15. 

** Mechanical Vibrations, Second Fdition, 1940, HeGraw-Hill Book Co., Ine. 
New York - J. FP. Den Hartog, Pg. 64, Fig. Nea, Lev, 


less parameter. Limited experience indicates that the curve for 
damping ratio of .1 is fairly representative of measured results. 

When conducting tests on power drives for various types of guns 
in the laboratory, it is desirable that eome appropriate substitute 
be used for the mount. This saves space and time of installation, and 
in moet cases, allows preliminary testing of mounts which xzre themselves 
in the design procegs. 

The problem is to compute the inertia and elastance of the mount 
with requisite gearing and shafting as viewed from the output of the 
power drive. The total reflected inertia is to be duplicated by 2 solid 
wheel which is connected to the power motor by means of a shaft, the 
elastance of which is equivalent to the computed elastance of the mount 
gearing and shafting when considered at motor speed. From the 
equivalent inertia and elastance the undamped natural frequency may be 
determined. 

Two methods will be presented for the computation of thie equivalent 
inertia and elastance. In the first case, it is osomnad: that the | 
system external to the power motor is, in effect, a toreion pendulum and 
that the connections inside each gear box are torsionally rigid. The 
inertia of the shafting and the gears is assumed to be negligible. The 
second method includes the power motor rotor as a reeonant element in the 
vibrating system. This method is derived from the technique used in 
power engineering to determine reeonant frequencies of vrime movers, 
shafts, and loads considered as single systems, Inertia of gearing is 
included but rigidity of gears is still aesumed. 


Regardless of which method of computation is used, it is essential 
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that 2 complete study ef the shafting be conducted, Hach shaft trevels 
at a sveed dependent upon the gear ratio at ite driven end, Also, each 
shaft may have different diameters along its length due to couplings, 
gear hubvs, or other design features. Therefore, it is necessary to 
revlece each existing sheft by an equivalent sheft of uniform diameter 
and elso to refer all shafts te the same speed level for determination 
of overall elastance. 

The length of en equivelent shaft may be computed by chooeing a 
agiameter, converting each section of shaft to this same diameter, and 
adding the equivalent lengths. The individual equivalent lengths are 
computed by the following formla: 


- ae 
L, = LO, 


Ty 
v 


(3-1) 


where Li. and Ds are equivalent length and diameter end L and D are 
existing length and diameter. 
& simple illustration follows. 


Assume a shaft hes the form indicated in Figure 3-6. 





Sy 


C, 





FIGURE 3-6 





3-11 


This shaft may be replaced by an equivalent one of uniform diameter, 
»,- 
tne equivalent lengths of the three sections making up the shaft 
are computed by formia (3-1). 
, 4 
“ol es 
dy 


D 4 
in. © 
oe 2 
M5 
& 
: b 
L = | 
os os 
D 
3 
The length of the equivalent shaft is equal to boa * Mao * Uys: 


Therefore the shaft shown in Figure 3-6 may be replaced by one of uniform 


diameter as indicated in Figure 3-7. 





The elastance, designated by K, i.e., the torque in inch pounds 
necessary to produce an angle of twist equal to one radian, may be 
computed for each shaft: 

1 GI 


K = 2 (3-2) 
L 
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modulus of elesticity in shear in lbs/in? (12 x 10° Lb/in® ) 


where G = 
for steel 
/ = polar moment of inertia of the circular cross-section 
of the shaft in (inch)” 
L <= length in inches 


For a circular shaft 


\ = area x ra * _ @= 
e p 32 


Substituting this value for I, in formla (3-2): 


Ki = ,d*e 
32L 
. Ki 
‘= th ae (3-3) 
1&0 


K expresses the angle of twist in degrees ae compared to Ki which 
expresses it in radians. 


Therefore K = ,ad* & (3-4) 
180x3eL 


Substituting the value for G in (7-4) and simplifying gives: 


K = 2,06x10*a* in 1d 
L deg (3-5) 


To combine shaft elaetances at various speed levele, it is necessary 
to select a common speed to which all shafts may be referred. This is 
motor speed if the laboratory substitute is to be direct drive. Shaft 


elastances are then combined by the formula: 


i, = 1 4: i +r 1 + ees e (3~6) 
K, Ay ‘ae Kz (M ~ 
where K, is the equivarent nnetdlie of the system; Xie Ko, K etc, 


represent the elastance of individual shafts; and N 


1? Ne, Nyy etc. 


represent the speeds of ehaftea 1, 2, 3. ..... “2 
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Neving computed K,, a shaft having an equivelent elastance can be 
designed using formule (3-5) and selecting a diameter euch that the 
Length as computed will be within practical limits for the laboratory 
installation of this simulated gun. 

The inertia, J,, of the gun or mount is usually specified by the 
Bureau of Ordnance. The inertia reflected to the drive motor end is 
equal] to the inertia of the gun divided by the square of the gear ratio. 

As J = Mr” for e solid cylinder, the mass of an equivalent wheel 


ppropriate value for r,the radius. 





ray be computed by assuming an 
Having determined K, the elastance, and J, the inertia, for the 


system, ,, the undampmed natural angular velocity may be computed as 


J 


(3-7) 

The above analysis has permitted the replacement of a complicated 
system of masses, gearing, eri shafting by a single one consisting of one 
sheft upon which is mounted one mass, as shown in Fig. 3-8, the gun 


simulator. 





For the second method, the inertia of each gear is to be considered. 
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dere agein, in order to facilitete calenlations, » complex eysten of 
reering amd shafting is ranplacefl by a simpler syetem consisting of a 
series of concantrated masses connected by sections of weightlecs 
shafting which retain as closely as possible the elastic cheracteristics 
of the original arrangement. 

The mass of shafte in the gear system is usually negligible and as a 
general rule may de neglected if the product of the length of the shaft 
in feet multiplied by the frequency in vibrations ver sec, does not exceed 
1,om. * 

As in method 1, each shaft met be reduced to a common diameter 
throughout its length, as indicated by formula (3-1). 

The torsionel vibration characteristics of the given system are then 
replaced by a dynemically equivalent system in which all shafts and 
masses rotate with the seme angular velocity. To illustrate, assume gears 


as indicated in Figure (3-9). 


Gear B 






Jo Je 
SHAFT | 
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This system may be replaced by the one shown in Figure 3-10 which 
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*Reference: “Fractical Solution of Torsional Vibration Problems,”. 
¥, Ker Wilson, London, Chapman & Hall Ltd. 1935. 





is essentially a single shaft with three fixed maesea, 


where J, = J. 


J in eech case represents the polar moment of inertia of a mass, 
such as the rotor of the drive motor, or a gear; and a, and N., represent 
the speeds of ehafts 1] and 2, 

K and K are the equivalent elastances of shafts one and two which 
are computed by formule (3-5) and have been converted to the same speed 
by means of fornmla (3-6). 

For a system of this type the following frequency equetion exists: 

(Ty 95 094) = (ydatdyss + 4143*9Z/3) 0.” + 4175 " QO. (3-8) * 
( kK =. 9 ne - 
This equation allows calculation of the two frequencies of natural 


vibration. In the case of a shaft with meny rotating masses spproximate 


3-16 


* "Practical Solution of Torsional Vibration Problems," ©. Ker Wilson 
London, Chapman & Hall Ltd. 1935 



















— 
— a - 


nuericex ond gratentwotode are unaliy pli in exten 


frequencies of natural vibration.** a 
elastences and inertins is exemplified in Appendix 4 by pres s 7 









° « 
























- 


3- lf 


"* Vol. 35, 1925, P. 109, Trans. Soc. of Naval Architects & Marine 
Engineers - F. M. Lewis. 


CHAPTER IV 


AMPLIDYNE CHARACTRRISTICS 


To synthesize a servo loov, the characteristics of the power drive 
met be known. Primarily theee charecteristics are the torque-speed 
relationship and the frequency response, The torque-csneed curves are 
taken at various control levels. The frequency response is the megnitude 
and phase relationship of output to input, when the innut is varied 
sinusoidally over a selected frequency range. 

In Chapter III it was pointed out that the drive selected mst be 
powerful enough for the task in hand and should be torque-comensated. 
These two criteria must be met, and the torque-speed curves and frequency 
response obtained, before the synthesis of the complete loop may be 
initinted. As etated in Chapter Til, although the frequency response of 
an amplidyno may be estimated mathematically, it is better to obtain a 
response experimentally and use this graphically in all calculations. 

Appendix B contains a description of equipment and method used to 
get the torque-speed curves and such other charactoristic vlots as were 
deemed valuable to analysie. The principal curves are presented in thie 
Chapter (Fig. 4-1, 4-2) as typical of ammlidyne performance. Supplementary 
curves are included in the appendix should future use of this particular 
amplidyne make additional data worthwhile. (Fig. B-4 through B-10 less 
B-7). 

Ho calculations are shown typicel of the determination that the 
amplidyne is powerful or fast enough for the task assigned. The problem 
of torque-compensation is a more interesting one. Ideally, the torque- 


speed curves should be horizontal straight lines, that ie#, syveed should 


ye } 


be determined by the control field setting and maintained regardless of 
torque demand. After the work outlined in Appendix B is conducted, curves 
as shown in Fig. 4-1] are obtained, and the presence or lack of torque- 
comensation if apparent from the slope of the curves. 

Two methods are available to correct this slope to nearly zero. The 
first, which has been mentioned in Chapter III, is to vary the compensating 
field effect either by physically changing the number of turns in its coil 
or by varying a shunting resistance across the coil and so varying the 
current through this winding. In the particular amplidyne selected for 
experimentation no such change could be made without laborious machine 
work, Hence the second method of torque-compensation, positive feedback 
to the control field, was employed. Positive feedback makes use of the 
torque effects on the power drive to initiate corrective action in the 
control circuit which action neutralizes the torque effect on speed, As 
an example, a brief summary of the method deacribed in detail in Appendix 
C is presented. 

An increase in torque alwaye produces an increase in motor current 
(Fig, B-S). If a resistance is placed in seriee with the motor armature, 
then the voltage drop ecross this resietance is proportional to the motor 
current and thus to the load torque. If this voltage, through a suitable 
circuit, is applied to the control grids of the control amplifier output 
stage, then the increase in voltage will cause an increase in current 
output. This current output controls the amplidyne and power motor output 
eince it is the excitation of the control field. Therefore a torque in- 
creace increages the control field and so provides more power out, 


allowing the speed to remain constant. By suitable adjustment of the 


h = 2 


parameters almost comulete compensation may be obtained. as indicated 
in Figure 4-3. 

As stated in Chapter II, positive feedback is inherently unstable. 
Therefore, the amplification of direct axis current changes induced by 
varying torques must not be too great or an oscillatory syetem will 
result. This is in line with the stipulation that the torque-compensated 
motor must not have a resonant peak in its frequency response at low 
frequencies. 

Thus ea compromise in design is forced, Referring to Chapter I1, 
the statement was made that torque-—compensation must be comlete to avoid 
stalling at very low input epeeds when the torque is suddenly increased. 
Experimentation and mathematical considerations dictate that the ampltfica- 
tion in the torque-compensating feedback loop must be limited to avoid 
instability. The final compensating system mst satisfy both demands as 
closely as poseible, Since the overall servo loop function$to keep 
speed at the desired level, it is better to incline toward poorer speed 
regulation in exchange for better frequency response. 

An advantege of torque~compensation is that it insures that a 
frequency response obtained at no load will be representative of the 
frequency reenonse at any other steady or variable load. ‘So long as the 
torque-compensation is adequate, the requisite condition exists and the 
frequency reevonse may be taken and used for further eynthesie. 

The frequency response of the vower drive is obtained by recording 
simultaneously the einueoidal control input and speed output ae the 
frequency is varied from zero to the vreviously determined —— The 


maximam is determined by servo application. For gun drives it may be 
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CHAPTER 5 
SYNTHESIS OF CORRSCTIVE NWETWOKKS 

Considering the rate servo loop as presented in Chepter 3, and 
taking the final frequency response for the experimenta] amplidyne 
in order to make the task specific, it is desired to introduce the 
minimum in extra elements or networks to produce a satisfactory rate- 
controlled power drive for use in gun stabilization. 

The position-controlled power drive in which the test amplidyne- 
motor was the prime mover involved considerable feedback channels in 
its servo loop. Since two feedback channels have already been used in 
securing satisfactory motor performance for use in the rate servo 
(See Appendices © and J) it is considered best from the standpoint of 
simplicity and good design technique that no feedback be used in the 
rate servo loop except that of the fundamental eupply of output to the 
error-measuring device. 

Since the output feedback channel is mechanical (rate gyros mounted 
directly on the gun) it is difficult to imagine introducing any 
setisfactory mechanical network in this portion of the loop. Hence 
investigation will be confined to the synthesis of suitable network or 
networks involving no electronics which may be placed in series with 
the error signal channel and will provide a high gain high accuracy 
loop over a wide band of frequencies. Im Figure 5-1 the problem is 
shown as the synthesis of the transfer function of the vox labeled 


K.G,(correetive network). 
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The transfer functions of all other elements in the loop must be - 
considered at this point. As detailed in Chapter 3, as long as concern 
is with frequencies of five cycles per second or below, the transient 
characteristics of all other elements may be neglected, This statement 
is based on practical considerations, The rate gyro and torque- 
pickoff examined exhibited no appreciable phase shift within this 
frequency band. Amplifiers have time lags but this time lag may be 
ang has been reduced to the level of thousandths of a second. The teet 
mount as analyzed in Appendix A exhibited at the worst a resonant 
frequency of 41 coe which corresponds to a time lag of about .004 sec. 
it ie realized that this last is a fortunate selection since all Navy 
guns are not so stiff. Nonetheless, all these transfer functions have 
been considered to be unity. It is a simple matter to introduce a 
different value should a epecific application demand it. No attemt 
will be made to evaluete the K's individually (K is the symbol for 


static or steady state gain) for each element. Instead the maximum 


gain which can be enclosed in the loop for desired performance will be 

determined. This total value may then be npportioned ae is beet 

- throughout the system. Gain is moet cheaply bought in the amplifier. 
Before actual synthesise is begun some specifications must be 

formulated, Assume the worst condition of ship roll to be met is a sine 

wave of 20° amplitude, 9 second period. Further aseume that a velocity 

error of 2 mile per second is tolerable. (1 mil equals one thousandth 


of a radian), Then the ratio of output to input is Jt or about .95. 
5 


This demands a static gain of at least 2. Since tracking invute may 
reach a frequency of 3 or 4 cps, it is desired that no reeonant peaks 
occur within or near this range. Hence the ratio of output to input 
should be nearly unity from 0 to about 5 cps. and phase shift negligible 
(less than 10°), A peak of 1.2 (about 41 db) in this ratio will be 
tolerable. The greatest gain possible will be enclosed while meeting 
the other conditions with ©O serving as a lower linit. 

The method of synthesis used is the decibel-log a technique. 
Initial investigation disclosed that no ordinary combination of lead or 
lag networks would serve to meet the specifications. A epecial network 
suggested by Mr. William MN, Pease based on the aprroximate quadratic 
response of the power drive was utilized with good results. The network 
devised provided a quadratic response in the numerator of its transfer 
function which cancelled the quadratic of the amplidyne. The denomina- 
tor of this network's transfer function wae also a quadratic which 
provided a similar frequenty response with 90° phase shift occurring at 


a higher frequency, Hence, in effect, this network permitted moving the 


resonant peak end cutoff of the amplidyne-motor to any desired point 
beyond that at which it naturally oceurred. In conjunction with this, 
two lag networks providing rapid attenuation of the combined freouency 
response beyond .1 cps and a lead network to improve phase shift in the 
vicinity of 3 to 6 eps. were used, Figure 5-2 shows the log-decibel plot 
of initial amplidyne-motor frequency resvonse( Alis magnitude and| A igs 
phase, the resultant frequency response ( he | ana | R) with the correc~ 


tive network effecte included, and the ratio of output to input in the 


closed loop ( - ana | * 2). Figure 5-3 presents the separate frequency 
a % hel 
response of each of the networks, "B" eymbolizing one integral network, 
"C" the other, “Q" indicating the network whose transfer function has 
quadratics in both numerator and denominator, a form of lead network, 
and "L" representing the simple lead network, 
These networks will be described in detail so that their exverimental 


installation may be readily achieved, Both networks B and C are of the 


form shown in Figure 5~l:, 





-_ FIGURE 5-4 


The transfer function of this network is: 


y x figlstl 
v, (Ra thy )Uerl 
or ah Tis + ) where Ti = (Ry+h,)C 
Tis tl = He 
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In network B, Ti was selected as 1.592 seconds and “Aas .5. In net- 
work C, T4 wae selected as .3975 seconds and Aas .308. A good feature 
of these networks ie that they have a atatic gain factor of unity. 


Network P comprising the two quadratic factors is shown in Figure 


9~5- 


af FIGURE 3-5 
The transfer function is: 


Va x Rg ulsy + Hetty Cr + He 


Ys Ryvhe, + (Ryk, Crh) etiy ti, 


or = (Rg ) Layth, Carl 
(RytRe ) Re  Chegr REP Crh 6 4 3 
Jip + Re Ryrits 


Since it is the intention to heve the numerator in effect cancel 
the transfer function of the namplidyne, the parameters of this quadratic 
are fixed, In order to relete the numerator and denominator, a 
mathematical transformation will be made. 


. 2 
Let the numerator be represented by: . “40 fts4 
where: ah = JIC” . 2 Inn = ne 


2e | 
Let the denominator be repreeented by: t. s + oft. +1 


a 
a 
i 
* 


where: Fa = Ha__Ch ’ ay T = ite (By Ord, ) 


further, let: o = He ‘ It is the intention to express the time 


fey al Rg 





constant and aamping ratio of the denominator in terms of the numerator's 
parameters and the static gain factor of the network (4). This will 
pernit complete identification of all cirmit elements from knowledge of 
the emlidyne-motor frequency response, the selected value of the new 
frequency response, and a variable parameter (%) which will be adjusted 


to secure neceseary relationships. By suitable algebra it may be shown 








that: ~_ 
A _ ity i = f1£ [ = R/S 
AytRa 7 i“ 4> 

T= (At = (ee f,7Ve (f° af, 

“"AN 


fhe transfer function may be written as: 
2 a “2 my + 
Sa = of “—_" +27 i 

v , 22 | a 

4 Ags + BAD (fF 1 LOK dee 


ac f 


} 








For this particular application, * = 7, eo = 45, ., = .053, 


v 


fa ~ 1. To secure theee constants it is necessary to cascade two such 


networks as pictured in Figure 5-5 with the intermediate quadratic 
(denominator of one transfer function, numerator of the other), having 
the constants of * = 1129, 1.7 .563. The static gain for the 
firet network (of) is .724 and for the second (eo .) is .221, Hence 
the net gain for these two cascaded networke is .16. This imposes a 


greeter gain requirement on other elements of the loop but should be no 


serious problem, 
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Network "L" le of the form eketched in Figure 5-6. Its eele 
purpose was to gain improved phase shift in the region from 1.5 to 6 
cps, The effect on amplitude was not excessive in viow of the great 


attenuation introduced by the amplidyne power drive beyond |! eps. 
j 





Figure 35-6 


The transfer function is: 




















Ve - Heh, Cs + Reg 
Vy ighyCs + Ryt Ri 
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Ry ts 
f Re 
Let a“ * and Za = RC 
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For this particular application was selected ae .5, T, as .053 


seconds, 


Oo) 
Upon completion of the resultant plot of © it is transferred 


€ 
to the phase margin chart from which the “0 performance may be 
Ww 


4 
determined, This response as selected indicates that there will be no 


variation from unity as great ae Zidb out to 5 cycles and that in the 


eT 


ateady state the ratio is about -.25 db corresponding to approximately 

37». Thus with the maximam roll specified (20° amplitude, 9 sec. period) 
all the voll will be removed except about 1.2 mils/sec. which is better 
than the specified satisfactory condition. It is believe this is below 

the threshold of detection of a device such as the rate gyro-torque 

pickoff velocity error-measuring means. To secure this overall verformance 
a gain of 46 4b (about 200) is enclosed in the loop. Phase shift exceeds 
the desired limit vecoming 10° at 1.6 eps and 30° at 4 eps. 

This completes the investigetion of rate-controlled and position- 
controlled amplidyne vower drives with a view to converting from position 
to rete control. Phe succeeding chapter will review the problem and 
present any facts not heretofore discussed, together with such recommenda- 
tions and conclusions as the authors feel are justified from this 


investigation. 


GiAPTER 6 


CONCLUSIONS 


The purpose of this thesis, in general, was an investigation of 
position-controlled and rate-controlled amplidyne power drives, 
Specifically, the aim was to evaluate the two methods of control with 
an eye to ascertaining the difficulty of converting from one to the 
other. In addition, it was desired to note advantages and disadvantages 
eo that the better control method might be selected, ‘*herever epplication 
of the power drive was an important factor in making decisions, the servo 
loop was evaluated in the light of its efficacy as power supply for a 
ship-borne locally stabilized gun mount, 

It is regrettable that time did not permit experimental work in 
teating the loop whose final synthesis is presented in-Chapter 5. Leliance 
for its practical success will be placed on the previous good results 
obtained when the log-db technique was used to estimate corrective 
networks. 

Briefly, it is observed that, for a given degree of comlexity, a 
rate servo loop will give better performance, This statement is based on 
the inherently greater stability of the transfer locus of the rate servo 
as obtained from the corresponding position servo's transfer locus. The 
statement is substantiated in this particular case since the theoretical 
performance of the rate loop synthesized is better:than that of the 
corresponding position loop from which it is adapted. 

It is also noted that, if a speed motor is used as the vower drive 


(epeed motor implies a torque-compeneated prime mover) the problem of 
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As a special difficulty under thie same general heading, it is 
felt that the question of the effect of couplings deserves consideration, 
in the example presented in Appendix 4 no mention was made of a special 
alignment coupling used to connect the drive motor to the 600 speed shaft. 
The stiffness of this coupling along the drive axis is fairly high (not 
measured) but across the axis its stiffness is negligible. Since 
vibration in a complex system of gearing and shafting can be troublesome 
whether it occurs from a torsion pendulum effect (along the drive axis) 
or from vibration in any other direction (across the axis), these 
couplings require separate investigation. 

The authors! firet experience in the use of the decibel-log frequency 
method was gained during this thesls period. It is their wish to endorse 
this technimqe as an excellent tool, especially in connection with the 
synthesis of servo loops. 

On the problem of conversion from position to rate control where 
amplidynes furnish the motive power, the vork done in connection vith 
this thesis substantiates the view that it is not a simple matter, but 
it is vastly easier than designing all new equipment. The mejor feature 
of such conversion from the mechanical point of view is the replacement 
of the position servo error-measuring means with its rate servo counter- 
part, including perhaps a change in exciting current from 60 to 400 eps, 
end the installation of the sight on the mount. from an electrical point 
of view, considerable change in the corrective networks and the feedback 
pathe is involved, To take advantage of the increased gain possible in 
the rate loop, additional stages of amplification may be required, 


Considering the complexity of most position servo circuits with their 
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obtaining a good rate servo loop is quite simple. In the examle 
presented in Chanter 5, it was necessary only to introduce corrective 
networks, 

The use of feedbacks around the motor gave a twofold improvement, 
The first was the torque compensation. The second was a better frequency 
response which must be interpreted both in the light of the improved 
gain and phase shift, and in the light of transient response, 

Other values for the perameters of the corrective networks in the 
feedbacks paths might have given equally satisfactory frequency response, 
mt the vest transient response had to be obtained as well. This, of 
courre, only determined the amount of damping in the loop around the 
motor, but it is very important from the standpoint of quickly reducing 
errors to a small tolerable value, and holding them there. 

It was intended that additional attention be paid to the problem 
of the resonant element (the mount) in the primary feedback path of the 
rate servo loop. Although two methods of analyzing this element were 
presented, no great faith in the efficacy of either method is felt. It 
is recommended that, whenever poseible, this problem receive special 
attention. It may be pointed out that the methods of analysis available 
in the Servomechaniems Laboratory should prove excellent for getting at 
the core of the matter. If the frequency reeponse curves obtained by 
experimental work for the same rate servo with end without a resonant 
element in the loop are compared, the transfer function of the resonant 
element in question may be obtained. A satisfactory agreement between 
this Axperimental transfer locus and one obtained by mathematical 


analysis would eliminate large doubts now raieged by this problen, 
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two levels of signal control, it is reasonably eafe to estimate that 
the resulting rate servo amplifier would be no larger even with this 
edded gain. From an operational point of view, the sight operator 
should be able to adjust quickly and should be favorably stimlated 
since riding with the mount eliminates his greatest difficulty, namely, 
attempting to step smoothly and evenly around the director stand. When 
it is considered that by such minor steps the mount is made capable of 
complete local operation and stabilization, the program involving these 


eteps must be endorsed. . 


APPENDIX A 
COMPUTATION OF BAUIVALENT INERTLA ASD TASTANCE 


FOR A TYPICAL NAVY GUN MOUNT 


In this appendix a typical Navy gun mount will be used to illustrate 
the computation necessary to replace the complex elastance and inertia 
of the mount by a simple ehaft and cylindrical we The two methods 
developed in Chapter III will be used, 


The gear system of the mount chogen is as shown in Figure A-1: 
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Bach shaft must be investigated to determine its diameter and 
length. In most cages the diameter of the individual shaft is variable 
¢o that it is first necessary to comoute the length of an equivalent 


shaft of uniform diameter. This is done by formula 3-1, i.e. 
o 
L D 


D 


chafts making up the gear system indicated in Figure A-l have the 


forms indicated below: 


nn a oe 


SHAFT | 


—— 345 








Figure Az 
Let d. = 1.97 
4 
1 = .7511.97) = 0.36 
4 
(2.37) 
“ = 345 
4 
1 = 1.395(1.97) = 3.01 
~~ ag 
3 1.53(1.97) = 6.4m 
“x a 4 * “ 
(1.375) 1= 13".26 a, = 1.97 
SHAFT 2 





let ad = 2.75 


1 = 1.5(2.75)* = 1.046 
°1 (3.01) 
tee = 1 - 6249, 
o BH 296 d= 276 
Sarr 3 





FIGURE A-4 


het ad, = 5-62 


% 
1.125(3.62) = 1.28 









1, = 
i, 
(3.5 ) 
1 = = 9 
Oz le SU 5S a. = 3362 
SHAFT 4 | ee ap 
leiteasetiatle—2'sg 1 1.5 4 
© | 
+ 


iGisae fo 


let @ = 4135 


7 1625 x(44255) | = 1.843 
cu ) 
1 = 1.06(1.435) | = 1.097 
(4.1 ) 
Ls = 2.56 
Ly, = 2.0(4.235) '_ = =. 
(5.125) 
4 
15 > 1.542155) = 338 
(6 ) 
1, = 6.260 a = 4.135 
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The elastance for each shaft may be computed by formula 7-5, i.e. 


& 4 
K = 2,06 x10 d_ 
L 
K = elastance in inch, 1b./degree 


d = diameter of shaft in inches 


L = length of shaft in inches 


1. Sheft 1 
4 2 « 4 
k, = 2.06 x10 (1.97) = 2.38 x10 in 1d/degree 
4 13-26 
1 = 428 x i0 


> 
Speed of shaft = 600 
2, Shaft 2 
4 S 4 
K, = 2.06 x10 (2.75) = 35.78 x 10 in 1b/degree 
3.29 


-4 
1/k, = .026 x 10 


Speed of shaft - 180 


4 4 4 
K = 2.05 x10 x (3,68) = 100 x10 in 1b/degree 
3 3.53 
=~ 
1/K, = .,01 x 10 


Speed of shaft = 48 


4, Shaft 4 
K 2.06 x 10° (4.1 y* = 95.7 x 10- 
4 roe 


1/K, = 914 x 19 


Speed of shaft = 12 


The equivalent elastance of the gun mount is computed by 


means of formula (3-6). 


1 = j + 1 L + 
>» Ss Raine)” ae By) ’ 
. WN 


Substituting the computed values of K,, Ros Rae end " and the 


epeed of each shaft as indicated: 


“7 “*(180)5 + Fug ) 2 
= + a } ie). 
r, 428 x10 *.028 x 10 (f45\2 7.01 x 10 Os 1 a — _ 
-4 =. -— -4 
L= .428 x 10 * .00252 x 10 *,.000064 x 10 * .9000056 x 10 
K 
t 


-4 
= ,4306 x 10 


& 
= 2.32 x 10 in. 1b/degree 


kK = 09,1328 x 10/ in 1b/rad. 


Having computed K,, a shaft having an equivalent elastance can be 


t° 
designed using formula (7-5), Assume the desired diameter for such a 
shaft to be 2%125. 


, 4 
K- 2.06x104 
L 


where K = K, = 2.32 x 10% in 1b/degree 


2.32 x 10 = 2.06 x 10* (2,125)4 
L 


L 2 18"00 -length of designed shaft 

The inertia, i specified for the gun mount under 
investigation is 350,000 lbs. ft®, This inertia must be referred to 
the same speed level] as the power motor. The inertia of the gun as 


viewed at the motor is 350,000 or <3 i». ft.“ . 
(i900 )e 3 


It is possible to replece the inertia of the gun mount by 
an equivalent cylinder of apvropriate mass and radius. For a cylinder: 


J =] Mre 


2 


J moment of inertia in ibs, ft.2 


M = mass in lbs. 


radius in feet 


r 

If r, the radiue of such a wheel, is assumed equal to 
one-half foot then: 

meats 2x9 = 70 lbs. 

> 

Ms 7.73 lbde. 

Density of eteel is 0.23855 1bs/in? so that 7.73 lbs. is 
equivalent to 27.3 in’ . 

As the volume of a cylinder isnurh, and r is assumed to 


be onemhalf foot, the neight, h, of the cylinder may be computed 


A - 6 


The undamped natural angular velocity, w,, may now be computed by 
forma (B-7), i.e. 


- . = 2 


/o.1328 x 10! x 386 : 


140 
a 1910 rad/sec 
f = 1910 = 304 e.p.s. 
n Oy 


Ae a result of the above calculation, the original complicated 
system of masses, gearing, and shafting composing the gun mount may be 


replaced by the single system indicated in Figure A-6, 








Method 2 


Figure A-7 ehows the gear syetem of the gun mount under investiga- 
tion which is identical with that depicted in Figure A-1] except that 


the inertia of the power motor and the gearing itself ie not neglected. 






J2 
190 SPEED 









J3 


Figure A- / 





Equivalent lengthe and diameters for each shaft are computed as 
indicated in the first part of this appendix, 
The inertia of each gear ie computed from the appropriate gear 
diagram, using the formala: 
4, 
J= wr da 


e 3 
density in lbs/in. 


where a 


a-=- cylinder height in inches. 


GEAR | Fl cecal 


FIGURE A-8 
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jo om (2.37) x .2855 x 1.5 = 1.322 
Zz. 


a 
GEAR 2 9 





FIGURE A-9 





Jan = (4,25) x 12855 x 2.25 = 20.6 
32 
4 4 
dad = w (ou7s) aiug'| 2855 x 1 = 222 
a 


J, = dea * Jab 


Jo = 2224270.6 = 242.6 1d. in 


32 
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be 
J, =1(3,2)) x .2855 x 2 = 5.89 1b. in ; 
32 


A= 9 





8% 

“| conan dl | deep bn) 6 
| (10.25) -(5) | (.2855) (.75) = 220 
B.. # 


 - : 
4 (12) ~(10.25)% 2855 x 2 = 5M 
uy ght gh wh 

a e as 


W.6 2207 shi - 83 = 719.6 1b, in” 


A- 10 








FIGURE A-/2 
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4 
- = " (4,35) x .2885 x 2.5 = 25.2 lbs. in 
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4 
Jon 7 (3) x 2855 x 3.5 = 127.1 


€, 
! 


4 4 
~~ ny (7.5) =(3) | x .2855 x 1 = 1380 
c aca cane 


| 


[ 4 4 
. 5 {$8-522) ~(7.5) x 22855 x 2.5 = 1813 


€, 
oN 
© 
i 


Sd 


—- | 
Je, = 6 B13) x 2855 x1 * .2855(1.5F (5.25Fn 
28 


i 


A- il 


= 347.9 
Séa* "60" "Ge ~ "6a 
= 127.1+ 1380+ 1813 - 247.9 


J- = 3320.1 = 347.9 = 2972.2 ibd. in 


6 
OF eal 
“Mm 
FIGURE A- /4 


4, 
J, = (6) x .2855 x 3 
7 3p 


J. = 109 1b, in” 
Gan Mount 


J. = Inertia of gun mount 


350,000 lb. ft.” 


Lrive Motor Kotor 


J 3.75 1b. ft,* 


540 1b. in.” 


Data furnished by Bureau of Ordnance. 
Referring the inertia of each gear and of the gun mount to the 


600 speed (motor) level: 


h&- 12 


J3 


1.322 lps. in® 
» > \tlel” 
O42 ob 
(H,)* 


24226 (150)* = 21.9 lb. in” 
(600)* 


5.89(Nz)" = 5.69 (100) = .531 1b. in” 
(N42 * (600) 


719.6(Ng)* = 719.6(48)" = 4.60 lbs. in® 
(ai, )* (600) 


25.2(N3)* = 26.2(48)" = .1611 1b. in® 
(i, )? (600)* 


2972.2x(N4)® = 2972.2(12 )* = 1.19 lb. in® 
(Hi, )# (600)* 


109(m4)* = 109(12.)* = .0436 ib. in® 
(n,)* (600) 


250.000 x 144 = 140 lb. in® 
360,000 


The resultant inertia for weshing gears is equal to the sum of 


the inertin of the geara in the mesh: 
= J, + dg = 1.322 + 21.9 = 23.272 lb. in® 


*l2 


“34 


956 


Jog 


s 


, The 


Ky 


=J3 + J4 = .531 + 4.60 = 5.131 1b. in*® 


= 


ee, 
+ 
e. 
t 


= .161] + 1.19 = 1.3511 lb. in* 


J. + J. = .0436 + 140 = 140.0436 1b. in® 


3e75 x 144 = 540 lb. in® 


elastance, Kk, for each shaft as previously calculated must be 
referred to the 600 speed shaft: 
= 2.06x10° (1.97)* = .66x10 in 1b/degree 


ut 


= 


a 





47.1 


‘ 4 
35.78x10- x( 1.80 )* = 3.220210 


(600)* 


100x10°x(48)* = 64x10 


(600)* 


4 
96 2x10" x40) “ = .03848x10 
600 
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Using the velues for the inertia and elastance computed above for 


the 600 speed level, the gun mount system of Figure A-7 may be replaced 


756 J78 


by the simpler form at indicated in Figure A-15. 
J34 
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FIGURE A-/5 


g are small enough to be assumed negligible so that the 


dh and 45 
five mass system shown in Figure 4-15 reduces to the three-mass system 


of Figure A-16. 





Jia 


FIGURE A-/6 
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,, 18 the equivalent elastance of shafts 2, 3 and 4: 


Ko, 
am = 2 Qe 45 (1-3) 
Koz Ke r “Ky 


4 ali 
19 | .3ura.56r26 |= 10 (27.87) 
= 8 a in 1b. /degree 
Koi = ,.03585 x 10 -/ deg 
The undamped natural angular velocity, “_, is computed by means 


of formula (3-8), i.e. 
A - 1h 


aca’ 
\ —— 








2a, i. d da ati 73 diy 9,.! 
Jats Wag | ‘n ‘ey Yo 75 +o 76 + Le“ 76 | * ww, | Og 4 "78 = & 
mia | L, a £O%, cael io. an 
wubstituting computec values of inertins ond elastences: 
7 ¢ 7 
— Vey “2 ( ome 
540+23.2221140.044—_n__ 640 __(23..224140.044) +140 0084 2502540) 
180x386 .66x10 «05585x19 
4 @ we , - 
.>.* ee t = Q 
(10x86 )* 66% 60Z585x10 ; 
Ty e - ; a is 5 
_— w 4 
703.3 - __ 2 AdOxL65.2 + MRQserbO5.22 + R___ _ | BaOraite 


= U 


-§ 4 
-152x10 w, -.U1056u ~ * 708.3 = 0 
TA 


4 6 a LB 
wo 6.94x10 w ¢t .4625xi0 = QO 

n n 

2 6 6 
®, = -0673x10 rad/sec, 0.8727x10 rad, see 
w = 260 rad/sec, 2620 rad/sec 
‘. = an = 41.4 cps, 418 cps 

om 
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AMP] IDYNN CBATACTRERISTIC 


ixperimental work for this thesis was conducted using equipment 
furniehed by the Bureau of Ordnance, U. S. Ravy. The amplidyne, power 
motor, and associated components were manufactured by the General 
flectric Company and constitute a positionecontrolled gun power drive 
in current uee by the Navy. Figure B-l indicates such of this equipment 
as Was used, together with the interconnections. A brief description 
of componente follows: 
1, Srive Motor and Amplidyne 
The drive motor and amplidyne comprise a single unit. The motor 
itself is an induction type operated from a WhO volt, 3 phase supply. 
The amplidyne is of general design, containing ea fixed comensating 
field providing partial torque compensation. 
2, Synchro Assembly 
The synchro assembly contains two synchro contro] transformers 
and a tachometer generator. It is mounted directly on the output motor 
frame, The tachometer is driven by a 2 to 1 step-down from the output 
motor. By means of this tachometer a voltage is obtained which is 
direetly proportional to power motor speed (See Figure B-6). 
3. Fower Motor 
The power motor is a direct current motor of conventional 
design. It receives ormature current directly from the amplidyne. Its 
field winding is energized by a constent direct current from the field 
supply unit in the amplifier. The direction of rotation of the motor 


2s well as the epeed is dependent on the output of the amplidyne. 
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Terminels are provided for picking off the voltage acroes a highly 
inductive resistor in the armature circuit 
4, Amplifier Unit 

fhe amplifier unit in general consists of two control 
amplifiers, thyrite resistor unit, field supply unit, and a heat 
exchanger and blower motor. 

The thyrite resistor unit is connected across the control field 
of the amplidyne. Its function ie to prevent excessive volteges from 
appearing across the field as @ result of fast changes of current through 
the field inductance. 

The field supply unit, as previously stated, furnishes a direct 
current to the field of the power motor, which current is maintained 
constant despite variations in field winding reaistance because of 
temperature changes. A simplified sketch of the field supply unit is 


shown in Figare 3-2. 
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Grid bias for thyratrons VY, and V, consiste of a positive voltage 
from a constant direct current supply wend a negative voltege from the 
voltage drop across resistor R 6. The net dias is positive, The re- 
sistance value of R 6 is practically constant over all operating 
temperatures eo thet the voltage drop scross KR S is used to control the 
field current. 

For exawple, assume the field resistance decreazes. Thies would 


tend to increase the field current which would cause a greater drop 


and ¥ Ae a 


across R 6, thereby decreasing the grid bias on tubes et 2° 


result the output from these tvo tubes would decrease and the field 
current would return to its correct value. 

The field supply unit also contains a thermal time relay, Kl, which 
insures that the filamente of the thyratrons are heated to their operating 
temperature before the plate supply voltage is applied, In addition it 
also actuates contactor K7 in the control unit. 

The heat exchanger and blower motor furnish outside air end a 
circulating system for cooling the electronic elements in the amplifier 
unit. 

5. Reactor Assembly 

The reactor assembly consists of three step-down transformers 
used to limit the current drawn from the “40 volt, 3 phase supply when 
the motor-amplidyne is started. 

6. Control Unit 

The control unit contains a series of magnetic controllers 
serving 2s safety devices for the motor-ammlidyne and power motor. 


In general, the 440 voit, 3 phase supply voltage goes directly 
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to a circuit breaker in the control unit. Contactor Kl connects the 
sinpjidyne's motor to the 440 volt supply through the starting reactor. 
Contactor K& connecte thie motor directly across the 440 volt supply as 
soon as the timing relay has functioned. The timing relay, designated 
by TK on Figure B~1, is set for a five second operating period at the 
end of which time it picke up contactor KS, 

Relay K7 is operated by the time delay relay in the field supply 
unit Kl, This interconnection prevents operation of the amplidyne 
without power motor field excitation. 

Overload relay, Ol1, located in two phases of the 440 volt supply, 
is of the thermal-induction type and provides overload protection for 
the drive motor. This overload relay is reset by means of the electrical 
reset, RFI, 

Overload relay, OL2, located in the power motor armature circuit, 
is a thermal type relay and provides overload protection to the amplidyne 
and pover motor. This relay is reset by an electrical reset, KR2. 

The local supply transformer furnishes 115 volt, 60 cycle supply 
for the magnetic controllers. 

The field supply transformer furnishes the plate voltage for the 
thyratrons in the field supply unit. 

7. Power Supply 

Since no 440 volt, 3 phase supply vas available, it was 
necessary to use 4 to 1 step-up traaéforners. The transformers were 
comune * - O Because of the heavy current drawn, even with the 
reactor in series, it was found inmposeible to start the motor on the 


220 volt, 3 phase primary supply without fusing the line above its safe 


Be 


operating limit. Therefore a triple pole double throw eawitch was put in 
the primary circuit of the transformers vermitting the use of a 197 volt, 
3 phase supply for starting and the 270 volt for running. Because of 

the poor regulation in the 197 volt supply the current never exceeded 
the line's safe capacity. When operating on the 270 volt supply, regula- 
tion was sufficient to reduce the secondary output line voltage to near 
450 volts rather than the anticipated 520 wolts as results at no load. 

Instead of using either of the ampliflers supplied, one was con- 
structed as indicated in Figure B-3, Its function was to amlify the 
signal to be applied to the amplidyne's control field, It coneieted of 
two 6L6 tubes connected for push-pull operation with variable grid leak 
resistors for balancing purposes. The signals applied to the grids of 
these tubes were controlled by means of a double, 100 K, potentiometer 
connected across a 22-1/2 volt battery. Varying the input signals 
varied the outout motor speed through control of the field difference 
current. Beach grid circuit aleo contained a 16-1/2 volt battery across 
a 20 EK potentiometer so that the operating point of the tube might be 
easily selected. 

With this amplifier and the set-up as indicated in Figure B-1, tests 
were conducted for zero torque conditions. The ammlidyne control field 
difference current was varied over the speed range of the motor in both 
clockwise and counter-clockwise directions. The speed of the motor for 
each value of difference current was observed by 2 hand tachometer in 
the lower speed levels and by means of an electric tachometer in the 
higher levels. The motor terminal voltage and the voltage developed 


by the tachometer generator were also observed. This data is presented 
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in Figures B-4, B~5, and B-6. For this run the zero difference current 
resulted from opposing 35 milliampere control currents. 

A etandard type Prony brake was attached to the power motor as 
indicated in Figure B~7. The first run was of motor speed vs. control 
field difference current with no load other than the brake arm's friction 
dreg applied, In this and subsequent tests, zoro difference current 
resulte from the opposition of 65 milliammere currents, This data is 
presented in Figure 4-2, 

Tests were conducted on the amplidyne-power motor combination under 
various torque conditions, A family of torque-sneed curves for various 
constant control field difference currents was plotted from this data 
(Figure 4-1), Cheeks were made at the beginning and end of each run for 
the walue of control field difference current necessary to stop the motor 
in both the clockwise and counter-clockwise direction. This value hac 
a tendency to drift slightly during a run ceo that corrections to control 
field difference currents were applied, based on there zero readings. 

In addition, it is to be recognized that the Prony brake is not 
accurete at law torque levels so that it is difficult to repeat data 
taken at 10 ft. lobe. or less. It is also in this range that hysteresis 
effects in the power motor are greatest, contributing to this low level 
in accuracy. 

Other relationships for the amplidyne-power motor were obtained 
which might prove interesting to persons conducting a more complete study 
of the system. Curves exemplifying these relationships are enumerated 
below: 


Figure B-S Direct axis current vs. torque for verious constant 
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values of control field difference current. 

Figure B-9 Speed vs. motor terminal voltage for various constant 

torque levels. 

Figure B-10 Speed vs. control field difference current for various 

constant torque levels. 

Of the curves resulting, the torque-sveed relationships depicted in 
¥igure 4-1 are' the most importent from an analytical point of view. A 
etudy of this figure indicates the following: 

(a) The system is under-compounded. For low torque levels the 
speed falls off rapidly with the application of torque. Above 
the 15 ft. lb. torque level the torque-speed relationshin 
becomes enproximetely linear. 

(b) The curves indicate non-uniformity, 1.e., the curves are 
unequally spaced for equal increments of control field 
difference current. Also at very low levels of control field 
difference current the shape of the curve differs from that 
obtained at higher levels and falls quickly to zero speed. 

Appendix 0 discusses the methods used to overcome these undesirable 


conditions, 
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APPENDIX C 


TORQUE COMPENSATION 


As indicated previously, it is not enough that the power drive be 
torque-compensated; it must also have a satisfactory frequency response. 
Of the requirements imposed by this last provision, one of the most 
important is the legislation against any resonant peake occurring within 
the expected range of operating frequencies. Thus, though the subjects 
of torque compensation and frequency response are pretented as two 
separate appendices, it must be kept in mind that the two problems were 
handled concurrently once initial experiment had indicated the possibility 
of obtaining satisfactory torque-speed curves. 

It is the function of this appendix to report these initial experi- 
mente, to indicate the circuitry ueed, and to show the results obtained, 
Appendix D picks up the problem at thie point and carries it through to 
the final result as presented in Figures 4-3 and 4-4, the ultimate torque- 
epeed curves and frequency response. Thier division of the material is 
justified on the basis that, were torque compeneation the only criterion, 
the results of the experimental work presented herein would have 
permitted satisfactory adjustment. All subsequent work was necessitated by 
the additional requirement of good frequency response. 

Ag pointed out in Appendix B (see Figures 4-1, 4=2), two major faults 
were evident in the torque-speed curves of the ammlidyne power drive when 
tested as a unit. Theee vere: 

(1) Poo# speed regulation with torque load. 


(2) WNon-linearity in the speed versus exciting current relationship. 
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The first of these may be likened to the effect of an armature 
resietance, For a given terminal voltage (function of control difference 
current) an increase in armature current would increase the voltege drop 
due to this supposed armature resistance. Thus the back emf would be 
decreased, and, since back emf is proportional to speed, the eveed would 
drop. This hypothetical resistance may be reduced in value or even made 
to appear negative by the use of positive feedback, This technique was 
the first employed. The circuit used was that shown in Figure C-]. 

A description of basic operation follows. The resistor, Ano, 
detected variations in motor armature current by the voltage drop acroees 
it. This voltage vas applied through tvo potentiometers acting ae a 
single resistor center-tapped to ground, thus producing equal but 
opposite signals on the potentiometers. Through the variable taps of 
the potentiometers the signals were carried to the grids of the tubes of 
the feedback amplifier whose plates were connected in parallel with those 
of the control amplifier. Since feedback wes positive, increases in 
the grid swing increased the exciting current so that increased motor 
armature current resulted in increased power to the motor. 

The eystem wae simple but inadequate. The speed regulation with 
torque load was extremely poor over the low torque range (up to 15 ft. 
lbs.) and epproximately linear thereafter till saturation effects took 
charge. This condition demanded that the gain of the feedback loop be 
initially high with subsequent reduction in gain to a constent value. 
The amplifier designed vas approximately linear. Hence though excellent 
regulation resulted at high torques, initial speed drops were only 


partially eliminated. In addition, greater gain was demanded at low 


Ce 2 


Speeds than at high, so that good edjustment at one level proved to be 
too much or too little at another. An anéalysie of thie demanded 


variation in amplifier gain is shown in Table I, Figure C-2 shows a 


series of curves obtained while exploring the poseibilities of this 


firet circuit. 
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Ko ready means of obtaining an autometic variable gain from the 
feedback amplifier suggested itself, It was apparent that an additional 
control was needed. Since the function to be controlled wae speed, it 
was logical to use speed feedback in some way to obtain this other 
correction. Also it was anticipated that the second major fault of the 
original curves would be elininated or at least palliated. 

The synchro unit (described in Appendix B) contains a tachometer. 
By applying negative tachometric feedback tc the grids of the feedback 
amplifier an approximate speed servo loop resulted. (See Figure C-3), 
For any given speed, an increase in torque tended to decrease the speed, 
The initial speed drop resulted in a emaller signal from the tachometer 
thas allowing the control input signal to have greater effect. This 
increased the exciting current and rower to the motor, A naw speed 
balance was reached only slightly lees than the original speed, It was 
evident that the positive feedback would augment this action by de- 
creasing the amount of regulation the tachometric feedback had to 
overcome, It seemed a question of balencing the two corrective actions 
eo that their net effect would be satisfactory but their coupling small. 

Having eufficient data on the rositive feedback system alone, the 
tachometric feedback system was tested separntely. Results ere shown 
in Figure C-, 

Thie completed the independent work on torque compensation. 
Analysis of the resultant date was made and certain conclusions drawn 
vefore proceeding to the combined problem covered in Appendix ). The 
conclusione reached were: 


1. Fositive current feedback and negative techometric feedback 
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Figure C-4 


would be closely coupled if the circuite previously used (Figures C-1, 
C-3) were combined directly. 

2. To reduce this coupling, through resistive networke, attenuation 
of the feedback signals would result. Present gain lewels did not 
permit this without destroying the feedback effects and it was desired to 
keep electronic elements to a minimum thus decreeing against amplifiers 
for each feedback signal. 

3. It seemed logical to apply the positive fesedbeck to the grids 
of the feedback amplifier as wae previously done mt to shift the 
tachometric feedback to the control signal amplifier thus decoupling 
the feedbacks. This also would simplify inetallation of corrective 
networks for frequency work. 

4, This change might lead to a need for greater amplification of 
the control signal, but this signel is generally amplified so that a 
stiffer requirement ehould pose no problen, 

H Both feedbacks produced better torque-speed curves. Positive 
feedback could provide rising characteristics at high torque levels, and 
very little regulation at low torques. 

6. Tachometric feedback not only attempted to prevent slow-downs 
but also legislated partially against speeding up. 

7. A combination of excessive positive feedback (rising chearacteris- 
tic) with considerable tachometric feedback to provide stability and to 
limit the speed increase seemed sound and practical. 

&. If necessary, diode clampers or relays could be used in the 


positive feedback path to restrict this feedback to a definite limit, 
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the bias of the clamper or the coil of the relay to be so adjusted as 
to function when the torque haa reached a certain value. (Basically 
as oreviously shown in Figure B-§ motor armature current is directly 
proportional to torque.) 

9, It might prove desirable to use a separate resistive element 
in the motor armature cireuit to provide voltage for use as positive 
feedback, The resistive element supplied in the motor is highly 


inductive. 
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APPENDIX D 


FREQUENCY RESPONSE 


The equipment ueed to obtain all frequency reeponee test data 
consisted of a sine drive to provide the forcing function and a five 
inch Dumont cathode ray oscilloscope to view the input and output 
presented as a Lissajous figure. 

The eine drive had been twilt previously for use in such werk, and 
is a standard item in the Servomechanisms Laboratory at M. I. Tf. 
Briefly, it is an AC electric motor with variac epeed control driving 
a rack in reciprocating linear motion by means of a Scotch yoke. The 
rack meshes with a pinion which serves ae the first gear in a long train 
driving ultimately the shaft to which the double control potentiometer 
was attached. The linear motion of the rack was converted into rotary 
motion which, by the principle of the Scotch yoke, was purely sinusoidal 
except for machining inesccuracies and backlash in the gearing. The 
potentiometer thus mounted produced two sine waves 180° out of phaee to 
serve as control signals. later work necessitated the mounting of a 
second such potentiometer to provide an input reference signal for the 
oscilloscope, 

The input reference signal for the oscilloscope, coming from a 
potentiometer energized by battery, was too weak to be used directly on 
the plates, When tried on the amplifier of the oscilloscope, the signal 
was found to be too jittery, producing a line of varying intensity and 
length rather than a spot. Any condenser sufficient to remove this 


pickup and "hash" served to mask all low frequency change in the signal. 
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In consequence a simple amplifier was built for this input signal 
(Figure D-1). The output of this amplifier was attached directly to 


the Xeaxis plates vith .1 microfarad shunting condensers to the case. 
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FIGURE D-/ 


The output reference signal wae taken from the tachometer in the 
synchro unit, The tachometer was well made with sufficient commtetor 
bars so as to have no discernible ripple in its output. Pickup in this 
generator was negligible. The plot of tachometer output voltage versus 
speed (Figure 3-6) proved this voltage to be an excellent representation 
of speed even down to sero speed levels. The magnitude of the tacho- 
meter output voltage waa such as to permit it to be applied directly to 
the Y-exis plates of the ClO, No shunting condensers were employed. 

The first run provided data for the plotting of the frequency 
response of the amplidyne motor without feedback, (Figure '-l), 


This data served as « framework against which to measure improve- 


é 


ment in the frequency response and from which to deduce certain aims, 
The improvement desired consisted, first, of keeping the phase shift 
as small as possible with the hope of reaching 90° at a frequency 
greater than one cycle per second, and second, of keeping the gain at 
unity as far out as possible. In this connection it was deemed best to 
accept a slight resonant peak in exchange for a higher resonant frequency 
and consequent improved phase shift, 

While discussing frequency response, it is appropriate to consider 
transient response--another form of the same data, During the work of 
torque compensation discussed in Appendix C it had been noted that the 
transient action of the system responding to a step function of torque 
had been very poor with positive feedback alone, fair considering the 
motor without any feedback, and faster with tachometric feedback, It 
wae the additional aim, therefore, during these frequency response 
tests to obtain as fast a transient response as possible with the desire 
that the eystem be near critically damped but fevoring underdaming. 
This niesiahen was premised on the fact that with slightly less than 
critical damping there would be one or two small speed oscillations 
but the noticeable transient action would be over faster than if the 
system were critically damped or overdamped. These oscillations had to 
be kept small so that their effect on the personnel riding the gun, 
through the introduction of large accelerations, would not be disastrous. 
This fitted in well with the previous reasoning on the desired improve- 
ment of the frequency respcenee, 

Much experimental work followed. The resistive element in the 


motor was replaced by an external pure resistance as the source of 
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positive feedback. By increasing the size of thie resistor it was 
poesible to obtain rising torque-speed characteristics for the motor 
with higher values of cathode resistance in the feedback amplifier than 
had previously been poseible, This provided a more linear output from 
this amplifier with change in grid signal. Tachometric feedback was 
applied to the grids of the control signal amplifier. By virtue of 
this change leas attenuation of the signel was necessary providing 
increased speed control. The values of attenuating resistors in the 
two feedback networks and the settinga of the cathode resistors in the 
feedback amplifier were determined empirically. 

with torque-speed curves resulting from test data showing fair 
regulation, attention was turned to corrective networks in the feedback 
paths to enhance frequency response, <A lead network in the tachometric 
feedback path would help speed uw respongee and increase gain by making 
the system resvonsive to acceleration demands, In addition it would 
decrease the time lag in the system and aid in holding down phese shift. 
Since all frequencies involved were in the vicinity of 1 cps, a time 
constant in this lead network near .15 seconds vas judged satisfactory. 
Using a decade box capacitance variable from 1 to 10 microfarads, the 
resistive elements in the tachometric feedback path were stepped up 
proportionately to the magnitude of hundreds of kilohme to provide 
circuit time constants near this value. Since the positive feedback 
path led to instability, an integral network was placed in its path to 
smooth out rapid fluctuations in voltage. This permitteé the use of 
greater vositive feedback, but slowed the overall system a little and 


increased the phase shift. Attenuating resistors on the order of a 
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megohm were introduced, Time constants mech smaller than in the lead 
network were anticipated so thnt the changes in the positive feedback 
voltage would not be completely suppressed. This led to selection of 
a decade box capacitance variable from .01 microfarad to 1.1 microfarad 
in .01 microfarad steps. 

Although it was considered poseible to improve overall response 
through the use of a filter circuit in the control signal input, no 
such tests were conducted. ‘The reasoning governing this decision was 
that any such network was actually external to the amplidyne-motor 
combination, As such it wes an element in the rate servo loop using 
this power drive. Since it was already planned that the synthesis cf 
such networks in the overall loop would be done graphically in Chapter 5, 
using the decibel-log frequency technique, there was nothing to be 
geined by duplication of effort. 

To select the final values of time constants in each corrective 
network the amplidyne was energized with sufficient signal to give a 
low speed output at the motor. By applying a step function of torque 
the condenser values were adjusted to give a faet slightly underdamped 
transient response, The control signal was then changed to a sinusoidal 
input at the frequency which corresponded to the 90° phase shift point 
of the uncompensated amplidyne-motor., The condenser values were again 
adjusted to reduce this phase shift to a minimum, This setting wac 
then tested by increasing the frequency to note the magnitude of the 
resonant peak and the new frequency at which 90° phase shift occurred. 
It became necessary to accept slightly poorer phase ehift adjuztment . 


in order to keep the resonant gain peak below 1.3. A compromise was 
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then reached between the observed transient response end the measured 
frequency reeponse in the vicinity of resonance by averaging the values 
of condenser ecettings corresponding to each optimum condition. ‘Since 
the condenser values vere amt identical, subsequent check ‘showed 
Little change in performance, 

The attenuation in the feedback paths was varied to give close speed 
regulation. ‘The criterion selected was that speed change should be no 


wore than + 10% of no load speed as load increased from 0 to 60 ft. lbs. 


Sixty ft. lbs. was considered maximwam since at values slightly higher 
than this the overload relay in the motor armature ciroult tripped. It 
was found possible to meet this condition down to no load speeds es low 
as 200 rpm's. Below this the best that could be done was to restrict 
speed variations to + 20 rpm's, in consequence below about 30 rpm's the 
motor performance was unreliable and stalled repeatedly with a load of 
8 to 10 ft. lbs. To obtain this performance two diode clampers in 
parallel with 1.5 volts above ground cathode bias were inserted in the 
positive feedback channel to limit the effect of this feedback at high 
torques (above about 10 ft. lbs.). After the corrective networks were 
adjusted as described in the last paragraph it was found that the best 
frequency response resulted from this optiaum adjustment for torque- 
speed characteristic. Thus no compromise was required between thege 
two important performance criteria. Figure D-2 has been included to 
show graphically the net improvement in the torque-speed curves and the 
separate effect of each type of feedback, 


with the circuit adjusted as shown in Figure D3, final data for 
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torque-epeed curves and frequency response were obtained. These curves 
are presented in Figures 4-3 and 4-' respectively. It is interesting 

to note that, as estimated in Chapter 3, the final frequency response 

of the amplidyne-motor may be closely approximated by a transfer function 


( 
of the form K where T = .133 second and [= N65, 


T 3 429% 41 


This completed the experimental work for the thesis. 


Ko 
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